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SUl'MAEY 


The results of an investigation conducted in the Cleveland alti- 
tude wind tuniiel to determine the performance of a 20 -inch ram ^iet 
are presented and discussed. The investigation was conducted at alti 
tudos ranging from 7000 to 41, 5 JO feet and at ram -pressure ratios 
equivalent to free -stream Mach nunbers as gi'eat as 1.84 using pre- 
heated 62-oct'.me fuel. Supplementary tests to determine any change 
in perf oimanoe caused by changing the, fuel to preheated lOO-octane 
were also made. An extension of the methods of data x’eduction and of 
the generalizing perfoimiance pai’ameters applicable at supersonic Mach 
nimbers and over a. wide range of operating conditions is presented. 
The magnitudes of the total -press- ire losses across the various phases 
of the ram-Jet cycle are analyzed and discussed. 


At an equivalent frc-c-sti’eara Mach number of 1.84 and a gas total - 
temperature ratio across the engine of 5./, the equivalent sea-level 
net thrust was 8135 pounds. For these conditions, the over-all effi- 
ciency was 12.6 -oercent and the combustion efficiency was 70.3 percent. 
The corresponding nec -thrust coefficient was 0.74. The investigation 
also showed that no change in tire performance or operating range of 
the cn;jlne occurred when the fuel was changed from preheated 62-octane 
to preheated 100 -octane gasoline. 


IKTRODUCTICN 


Exporlroents have been conducted at tne NACA Cleveland laboratory 
to deteiTTiine the feasibility of o]>eratin,g a ram jet at higii altitudes 
and at ram-pressurv ratios equivalent to supersonic flight speeds. 

Ferf cimiance oti.idies of a ram jet at equivalent ireo -stream Mach numbers 
to 1.26 and at altit.^des tu 30,000 feet vre-re made at this laboratory 
and iro reported in references 1 and 2. Other ram-jet studies (ref- 
erences 3 to S) f/roaent subsonic ram-jet perf onaance . 
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la the present invest.igatirn made to extend the pei'fomance data, 
dry refrigerated air was adiaitted te a 20-inch ram Jet mounted in the 
altitiide wind tunnel. The desired ram-pressure ratio acx’oss the engine 
was obtained by throttling the inlet air to the ram Jot from apnroxi- 
rnately sea-lflvel pressure and adjusting the static pressure in i/ne 
tt^nnel. The performance of the engine was studied at altitudes up to 
41,500 feet and rran -pressure ratios equivai.ent to Mach numbers as great 
as 1.64. The selection of the ram-Jet conl'iguration used in this study 
was based on the results of previous investigations (references 1 ani 2). 

The results obtained in this investigation are summarized aixd the 
effect of a variation ii\ combustion-chamber length on engine performance 
at high altitudes ana at ram-pressure ratios equivalent to supersonic 
flight soeeds is discussed. The development of the paramoters by means 
of which the perforaance of ram Jets can be generalized to any desired 
operatinr conditions, originally presented in reference 1, has been 
amplified to include additional variations encountered in the greater 
onerating range covered in this investigation. In the expression oi 
the values of ram-pressure ratio £it vdiich the engine was operated in 
terms of equivalent free -stream Mach number, the effect of shock losses 
that would occ\ir at supersonic flight velocities are included. 


APPARATUS AND PEOCEDUEE 


The 20-inch ram Jet used in the investigation was mounted in the 
altitude -wind -tunnel test section below a 7 -foot chord wing, which was 
supported at the tips by the wind-tunnel balance frame (fig. 1). Dry 
PtPrPge rated air was sui'.plied to the ram Jet througa a pipe from the 
wixid -tunnel make-up air duct. This air was available in the make-up 
air duct at anproximately sea-level pressure and was throttled to pro- 
vide the desired total pressure at the diffuser inlet. The ram Jot 
exhausted dii'ectly into the wind tunnel, in which the pressure altitude 
was varied to obtain different values of ram-prossure ratio across tno 
unit. Restraint of the model by the ram pipe was obviated by a sealed 
slin Joint inserted between the ram pipe and the diffuser inlet. The 
tunnel balance system could then be used to measure the thrust. 


The diffuser had an 8*^ included angle, a 14-inch-diameter inlet, 
and a 20-iuch-di;imett.r exit. The engine was operated witn replaceable 
20-inch-diametor, 5- and 12-fuot combustlon-ch;xmber sections to which a 
converging nczzlu 2 feet long with a 16 .8 -inch-diameter exit was 
attached. The shell was cooled by circulating' water through copper 
tubing wraeped around the combustion chamber and exhaust nozzle. 


Two different fuel injector 
apparent change in operation of 


systems (fig. 2) 
the engine . One 


were usud with no 
cystein consisted of 
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four l/4-inch steel tubes having a total of 68 No. 70 holes drilled 
along the tube lengths. These holes were equally spaced along the 
four tubes and extended to within 2 inches of the diffuser wall. 

The other systeiD consisted of seven steel tubes having the san)e number 
and size of holes equally spaced along the tubes. The total of 11 tubes 
were equally spaced and arranged in an 60° V pattern; the open end of 
the V was 5 inches downstream of the diffuser Inlet. The fuel was 
injected directly upstream. 

A flame holder (fig. ^) , consisting of a grid of horizontal 
and vertical 30° V's 1 inch across the open end and with 2|-inch 

vertex spacing, was mounted at the combustion-chamber inlet with the 
vertices of the V's facing upstream. A gas pilot to start combustion 
was built into the flame holder and ignition for the pilot was pro- 
vided by a modified aircraft spark plug. The cold static-pressure 
drop across the flame holder was 2.9 times the dynamic pressure at 
the combustion-chamber inlet. 

The steam heat -exchanger fuel -preheating system described in 
reference 2 was also used in this investigation. The fuel temperature 
was maintained at 220° ±40° F by regi'iating the steam flow. An 
unleaded 62-octane gasoline (AN-F-22) was used. Supplementary tests 
were also made using a leaded 100-octane gasoline (AN-F-28) . 

During operation, local hot spots were observed on the combustion- 
chamber shell under the co'y.per cooling colls. An experimental section 
(fig. 4), which eliminated all tendencies toward local overheating, 
was inserted as part of the combustion chamber. The section was con- 
structed by seam-welding an outer shell corrugated to lorm a helical 
cooling -water path to a smooth, cylindrical inner shell. 

Static pressures, total pressures, and indicated temperatures 
were measured with a survey rake mounted at the diffuser inlet . 

These pressures and temperatures ’.;ere used to comijute the air flow 
throui'ilj the engine and the velocities at the diffuser inlet and exit. 
The fuel flow was determined with g rotameter . Fuel temperatures 
and pressures ■wore measured at the injector manifold. 

Data were obtained at pressure altitudes ranging from 7000 to 
41 .500 feet. The fuel-air ratio was varied from approximately 0.040 
to^ 0.067. Under choking conditions at the exhaust nozzle (Jet Mach 
number greater than 1), the maxira-um fuel-air ratio was limited to 
0.051 because the peak delivery rate of the fuel pump had been 
reached and the minimum fuel-a^r ratio was limited to approximately 
0.042 becaus'., the fuel-in joctor pressure dropped below the fuel vapor 
pressure at this point. The inlet -air temperature was maintained at 
10° ±10° F. 
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SYMBOLS 

The following symbols are raed in this paper: 

cross-sectional area, square feet 

2 F 

n 

net -thrust coefficient, 

snecific heat at constant pressure, Btu per pound per 
Jet thri.st, pounds 
net thrust, pounds 
fi\el-alr ratio 

acceleration of gravity, i'eet per second per second 
lower heating value of fuel, 19,000 Btu per pound 
mechanical equivalent of heat, foot-pounds per Btu 
Mach nurober 

mass gas flew, slugs per second 
total pressure, pounds per square foot absolute 
static prcosui-e-, pounds per sqiiare foot absolute 
gas constant, foot-pound per 'pound per F 

Q 

total tempo ratur»?, K 

o^ 

static tempera'cure , E 
velocit,\, feet per second 
air ricw, pounds >er second 
fuel flow, pounds 'per second 

ratio of specific heat at constant pressure to 
Gpeciflc heat at constant voiuine 
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5 ratio of absolute tunnel ambient pressure to abso- 

lute static pressure at NACA standard atmospheric 
conditions at sea level, p^/2116 

0^ ratio of absolute total temperature at exhaust - 

nozzle exit to absolute static temperature at 
NACA standard atmosnhcric conditions at sea level, 
T4/519 

T] over-all efficiency, percent 

T|^ combustion efficiencj', percent 

T-, ratio of absolute toual temperature at exhaust - 

''' nozzle exit to absolute total temxjeratui'^ at dif- 

fuser inlet, T^/Tj 

ratio of absoh.'.te total temperature at exhaust - 
nozzle exit to absolute total temperature at 
combust ion-chamber inlet, 


Si'.b scripts : 


0 

1 

o 

5 

4 

J 


equivalent 

station 

station 2y 
Inlet 

station 3; 
station 4^ 
exhaust -Jet 


e 0 - 3 1 re am 0 ond i 1 1 on 
subsonic diffuser inlet 
diffuser exit and combust ion-chr.inbor 

c ombu s t i c :i - c }i?imbe v exit 
e xhai - s t - no z 2 le exit 
condition at ambient pressure 


Performance • >o.ramc c ers : 



Jot thrust reduced to NACA standard atmospheric 
ccnditlcns at sea levels pounds 



nei tliinist reduced to NACA standard atmospheric 
Gcnditlons ao sea lovely ^^cunds 




c 'mbustion-c.iamber-inlet Mach mimber parameter 
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over-all Gi^ficlency parameter, nercent 


% O + -Ai) 


W. 


Jo, 


ideal over-all efficiency paraaioter, percent 


air -flow pararaeter, ponnla per second 


WfTi^ 5G00 


S JO . 


i’nei-consarription i-arruDoter, pounds 'per hour 


550 Wj. 5600 

f,v7 


nct-powcr specific fuel cons’'.i3pt:cn, pounds per net 
thrust 4'iorse power hour 


550 Wr. 3GC0 
Fr,Vo(l + yti') 


net -power specific fuel consiunpticn parcjueter, pounds 
per not thrust lioi'sepc'wer-hcur 


550 W, 3G00 

5'rVo(^ + J^V 


ideal n.t -power spec if ii 
2 'ounds pel’ net thrust 


fuel cenouaptien paramo ter, 
liorse pewo-r -hc.ur 


KESiJLTS AND DISCUSSION 



Below chokiup, (jet 2iach numter l.ess th.au 1), tlie flame emitted, from 
tiie exhaust nozzle was conf' inuous except fer cccas.'.cnaj. x.lasl.es curling 
o;twarcL. Atove click:i;x.r (jot M.ach runjixr .greater than 1), the o;,eration 
of the engine seemed independent cf tunnel ariMont Treasure and ciiocl; 
cauls were clear .l^' visible in tue exposed .Clr-me . These sh.ock bands 
wore sTs.ced a.ppr*oximatel|y un’rcrn!l5'’ along tlie Jot ircm the nozzle exxt. 
Little flame colo.i‘ could bo seen between tl;e nozzle exit and the first 
bright band (fig. 5), (For an exposition cf the aerodynamic character- 
istics of sunersonic gas Jets, see reference 7.) 
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In general, the data for this investigation have been reduced 
and correlated \>ir methods discussed in reference 1. In cer"bain 
instances, however, the performance pararaeters of reference 1 were 
oversimplified because of the narrow operating range covered and 
proved inadequate for correlating the data at the high Mach numbers 
obtained in this investigation. A refinement and an extension of 
t))e perfoiTsance parameters and methods of data reduction applicable 
to perforruo.nce at high Ma.ch numbers and over a wide operating range 
are presented in the appendix. 

The equivalent free -stream Mach number Mq is taken as the 
independent variable in presenting the data. This quantity is calcu- 
lated from the equivalent free -stream total i^ressui’e and the tunnel 
ambient static pressure. For values of Mq less than 1, the diffuser- 
inlet total pressure was taken as the equivalent free -stream total 
pressure. For values of I-Iq greater than 1, supersonic diffuser 
7-osses were added to the measured subsonic diffusei’- inlet total pres- 
sure to obtain the equivalent free -stream total pressui'e. The 
assumptions used in obi'.alning the equivalent free -stream total pres- 
sure and Mq from the measured diffuser-inlet total pressure and the 
turmel .ambient static rjressure for Mq>1 are given in the appendix. 

The' relations of the performance parameters to Mq for the 
5-foot combustion-chamber engine are presented in fig'ures 6 to 20. 

An investigation using 100 -octane gasoline (AN-F-28) showed no change 
in the performance of the engine as compared with the performance when 
62-octane gasoline (AI'l-F-22) was used. For this reason, no data fer 
the performance study using 100 -octane gasoline are presented. With 
the exception of the combustion-efficiency data, the test points for 
the 12-foot comb st Ion chamber fell along the curves established for 
the 5-foot combustion chamber (figs. 6 to 19). Therefore, only the 
Jot-thru.st (figs. 6 and 7) and the combustion-efficiency data (fig. 21) 
for the 12-foot combustion chamber are presented. 

The highest equivalent free -stream Mach number for operation 
with the 5-foot combustion chamber was 1.64. This maximum was set 
not by an operational limit of the engine but by the pumping cajjacity 
of the test apparatus. V.^lth the 12-foot combustion chamber, the 
highest Mq at which the engine could be operated before blow-out 
was 1.19. 


The maximv.m Jet thn-ist develope-d by the engine- with the 5 -foot 
combustion chamber, reduced to sc.a-level conditions Fj/5 (fig. 6) 
was 14,G9Q po’mds at Mq = 1.84. The actual Jet thnusts Fj meas- 
ured and the altitudes a.t which those data wore obtained are presented 
in figure 7. The pressure-altitude conto'uro are based on the reduced 
Jot -thrust curve of figure 6. 
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A3 vaa to bo expootod, both the jet thrust and the net thi'uat 
increased sharply with (figs. 6 to 8). The net thrust coeffi- 
cient also increased witii" in the rarigo of this investigation 

(fig. 9). At the highest equivalent f ree -stroaiii Mach number attained 
(l.04)j the net thrust reduced to sea-level conditions was 8135 pounds 
(fig. 0). The corresponding net-thrust coefficient Cp was 0.74 
(fig. 9). Both the reduced net thrust and the net-thi-ust coefficient 
Increased with an irercuse in the total -teniperai';re ratio across the 
engine . 


Equation (10) of the appendix indicates that the ideal over- all 

efficiency parameter 3 — (i + \/t|) as a iunction of only Mq and. a 

’■'b 

single curve was obtaim.d when this parameter was plotted as a function 
of M.-) (fig. 10) • Likewise, a single curve was obtained by plotting 

550 Wf 3600 

the ideal not-newer specific fuel consumption parameter i 

Fj,Vq(1 +v't'i) 

■as a function of M^ (fig- ii ) • 1L* over-ail efficiency parameter 

T|(i +yr^) and the net-power s-ecific fuel consumption parameter 


\ 


550 W^-. 3G00 


Fjo(l + /F;) 


- arc plotted in figures 12 and 15, respective ly, as 




functions of Mq and combustion efficiency From these figures 

the combustion oificlency at which the data were obtained can be easily 
determined. The combust icn-otficicncy contours on figures 12 and 13 
wore determined from the curves of fig'ires 10 and 11, respectively.^ 
Figui’os 12 and 13 can bo used to calculate the actual values of engine 
cvcu’-all efficiency and not-pover specific fuel consumption. The values 
of T, , which are needed to determine the over-all efficiency and net- 
pcwei- specif ic fu'--i consumption, can bo obtained from figure 9. For 
convenionco, bho acti’al values of cvor-all efficiency q and not -pov/er 

550 3600 

specific fuel consumption — are presv^nted as a funcoion oi 


M 


^’n^O 

in figures 14 and 15, respectively. No curves for different values 
of • have been draun threuigli the data bv; cause variations in 

caused the data ta scatbwr. 

The ove-r-all cfx'’iciency parameters (figs. 10 and 12) and the over- 
£^pi efficiency (fig. 14) incror.sed rapidly with Mach number. Concur- 
rently, a rapid decrease in the net-power spi-cific luel consumption 
paramUers (figs. 11 and 13) .and the not-power specif Ic . fuel consumption 
(fig. 15) occurred. At Mq =■ 1.84, a total -temperature ratio across 


NACA R«I No. E6L06 


9 


the engine of 5.7, and a combuBtion efficiency tj^ of 70.3 per- 

cent, the over-all efficiency v, vaa 12.6 percent (fig. 14). The 

550 W 3600 

corresponding net-nower specific fuel consumption 

was 1.06 pounds per net thrust horsepower '-hour (fig. lo). 

The variation of the ultiioate exhaust -Jet Mach numher Mj with 
Mq ,!s shovm in fig^.ire 16, Choking at the exhaust nozzle begins 
approximately at Mq = 1.16. Also presented in figure 16 are theo- 
1 ‘etical carves of Mj as a function of Mq and total -pressure ratio 
across the engine P^/Pq^ assuming the ratio of specific heats at 

the free -stream condition 7 q and the exhaust -Jet condition 

equal to 1.4 and 1/6^ respectively. These curves are baaed on equa- 
tion (13) of the anpendlx. The correlat.'on of these theoretical 
cui’ves and the experimental data lnd‘* cates the magnitude of the 
total -pressure loss through the engine. 

A discuss.’ on and evaluation of the various cypes of pressure 
loss in a ram jet are given ?n references 8 and 9. From the figures 
of reference 8, the magnitude of the total -pressure losses across 
the varioi.s phases of the ram- Jet cycle can be estimated. At a 
typical engine -performance condition of Mq = 1.70^ = 6.0, and 

M 2 = 0.14, the theoretical total -nressure ratio is 0.93 across the 
noraal shock in a convergent -divergent supersonic diffuser with 
cptlmum contraction ratio (reference 8, fig. 2), 0.96 across the 
flame holder with a cold pressure -drop coefficient of 2.9 (refer- 
ence 6, .fig. 5), and 0.9.1 across a constant -area combustion chamber 
as a result of burning (reference 8. fig. 6) . Inasmuch as the total- 
press ire ratio across the engine was 0.75 at Mq = 1.70 (fig. 16), 
there remains a total -pressure ratio of 0.92 attributable to losses 
res'.ilting from shell friction, fuel- injector drag, and subsonic dif- 
fuser and exijaust -nozzle inefficiency. 

It is impossible lo reduce the greatest of the total -pres sure 
losses, the less caused by combustion In a constant -area tube, if 
max'^mum clu'ust coefficients are desired because the ram jet must be 
operated at hjgh values of and M 2 * With continued research 

and develo'. merit, it shojid be possible to decrease the total -pressure 
losses caused by the flame holder and to decrease the fuel-injector 
drag, the shell friction, and the diffuser and exhaust -nozzle ineffi- 
ciencies. 


The data in figure 16 can be used to extrapolate the performance 
of the engine to Mach numbers in excess of those at which the engine 
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vas operated because all of the ei:igine losses, except the supersonic 
dlfi'a'ser losses, will remain relaclvely constant for conditions at 
which 1- (’'x ^‘^2 constant). The decrease in the theoretical 

total -pressure recovery across the supersonic portion of a convercing- 
diverging diffuser of optimum contraction ratio with an increase in 
Mq can be detennlned from figure 2 of reference 8. By application of 
these calculated losses to the total -pres sure ratio across the origlr.e 
at Mj = 1 (fig. 16), an extrapolated curve of Mi can be obtained 
f r ■’Ej an extension of the pressure ratio contours on that figi.ire. 


If the absoTi’.te tctaj. -temperature ratio Tg and Mq are assumed 
for some desired operating condition, then the Mach number at the 
combustion-chambei’ entrance M 2 can be estimated from figure 17. In 

this figure, the combust ion-chamber -inlet Mach number parameter M 2 v ^^'2 
was pracl'''cally inde pendent of Mq at Mach nimbers greater than 1, 
although choking first occurred at Mq - 1.16. 

W 

The air--flow perameter — and the fuel-cons, '.mption 'oarameter 


3600 

ai'e plotted as functions of Mq in figui'es 18 and 19, respec- 

tivel.y. The air-flow and fue 1 -cons ;r.ipt Ion paranieters were not af-.'ected 
by chokin^^ at tiie exhaust nozzle and contimed to increase at l'lQ>l.lfh. 

The fuel -consumpt ion -arai/ieter is presented as a function of ^2 in 


addition to Mq tu iricl.Lds the effect of the ten;] fl 
tion (28)^ reference 1. 



of equa- 


Comb'v.st icn-eff ic lency data are presented as a function of fuel-air 
ratio f/a for the 5-foot and 12-foot ooiDbnstjon chambers in figures 20 
and 21, respectively. A ccifjpaivi.son of these data indicates that lengtn- 
ening the corfoastion •li'uaber iroro 5 'co 12 feet improved the comb’^.st .\on 
efficiency about 10 oerceiit over the fuel- air-ratio range ut which the 
engrlne was operated. As in i*oference 2^ the neat losses tiirough the 
raiQ-jet shell were not .'ncl.ded in the cnlcu.labicn of combustion effi- 
ciency. If these iienc loGs^^s v^ere Included, Die combustion -efficriency 
values would be aoprex:* rnately 3 percent higher for the engine having the 
12 -foot combustion chaT..bei* and 1 percent higher for the er^gine w'th che 
5-foot combustion chamber. The numbers opposite each point indicate the 
va.lues of combi.! st ion- cfnajiiber inlet static nreasure r,o, combustion- 
chamber-inlet iincxi nuiDber Mp; and exhaust nozzle outlet static pressure 
(ambient static y.-rcssuroy. These variables are . uhe ones thought to 
iKfluence c-ombustion effic 'ency if the comb . stion* chamber-inlet temper- 
ature To is censtanv . 

Lj 
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It was difficult to separate quantitatively the effect of each 
variable on cornbustion efficiency. As mentioned in references 1 
and 2, a decrease in the combustion-chamber static -pressure level 
or an increase in M 2 usually resulted in a decrease in combustion 
efficiency. With approximately static sea-level pressure maintained 
at the combustion-chamber inlet, pi’essure altitude apparentD.y had 
no effect on after choking conditions were attained at the 

exhaust nozzle. No investigation was made of the effect of reduced 
Pg on combustion efficiency and blow-out. 

The greatest combust lon-charaber-inlet velocity V 2 which 
t}ie burner was operated with a 5 -foot combustion chamber was 152 feet 
per second. This velocity was measured at a pressure altitude of 
27,000 feet when the engine was operating under choking conditions 
at the exhaust nozzle (Mq = 1.33) and at a total -temperature ratio 
across the combustion chamber Tg = 5.0. Blow-out did not occur at 
this condition and it should not be considered as the limiting 
combustion-chambor-lnlet velocity for this burner. The maximum V 2 
attained i/:lth a 12 -foot combustion chamber was 140 feet per second 
at a press’ re altitude of 23,000 feet. This valve was obtained when 
the engine was operating under choking conditions at the exhaust 
nozzle (14 q = 1.19). 


SUMM'vIiY OF RESULTS 

From an investigati oxi of the performance of a 20-inch ram jet 
over a wide range of pressixre altitudes and equivalent free -stream 
Mach numbers, the following r«.. suits were observed: 

1. A net thr'uot of 8135 pounds reduced to standard sea-level 
conditions, a net -thrust coefficient of 0.74, and an over -all effi- 
ciency of 12.6 percent were attained at the maximum equivalent free- 
stro-am Mach ni’.mber of 1.84 at which the erigine with a 5 -foot com- 
bustion chamber was operated. The corresponding spec fic fuel con- 
si’.mption was 1.06 pounds per net thiuist horsepower -hour . At this 
condition the total -temperature ratio across the engine was 5.7 and 
the- combustion efficiency was 70.3 percent. 

■ 2. The engine with a 5 -foot combustion chamber was operated at 

combustion-chamber- inlet velocities up to 152 feet per second. This 
velocity was attained during choking at the exliaust nozzle and at a 
ratio of absolute total temperature at the exha’ust -nozzle exit to 
that at th^ combustion-chamber inlet of 5i0. 
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3. In the range investigated the principal total -pressure loss 
was caused by combustion. At an equivalent free -stream Mach nvimber 
of 1.70, a combustion-chamber-inlet Mach number of 0.14, and at a 
total -temperature ratio across the engine of 6.0, the total -pressure 
ratio across the engine was 0.75. For these conditions the estimated 
total -pressure ratios across the various phases of the i’am-Jet cycle 
that contribute to total -pressure losses were as follows; 

Total -pressure ratio across the supersonic portion 


of diffuser 0.93 

Total -pressure ratio across flame holder 0.96 

Total -pres sure ratio across combustion chamber as 

a result of combustion 0.91 

Total -pressure ratio caused by losses across sub- 
sonic portion of diffuser, exhaust nozzle, fuel 
injector, and combust j.on chamber as a result of 

shell friction 0.92 


4. At a constant gas total -temperature ratio across the engine, 
and a constant combustion efficiency, the perfonnance curves of the 
engine were not noticeably affected by changes in the combustion-chamber 
length. Although inci’oasing the combust ion -chamber length from 5 to 
12 feet improved the combustion efficiency, the operating range of the 
engine was reduced . 
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5. No change in the performance or operating range of the 
engine vaa ohoerved when the fuel waa changed from preheated 
unleaded 62-octane to preheated leaded 100-octance gasoline. 


Flight Propulsion Research Laboratory, 

National Advisory Comaittee for Aeronautics, 
Cleveland, Ohio. 
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;^PENDIX - METHODS OF DATA DEDUCTION 

The data presented in this paper have been reduced and correlated 
for the most part bv the methods discussed in reference 1. Because 
some of the data were obtained at equivalent free -stream Mach numbers 
Mq markedly greater tlian those in reference 1, the methods of data 
reduction have been modified to include the effects of variables that 
are negligible at the lower equivalent free -stream Mach numbers. 


Equivalent Fi'eo -Stream Mach Number 

The equivalent free -stream Mach number M^, was determined from 
the relation 


Mq 


2 


2 


For valves of I4 q less tiian 1, 
was taken as the free -stream tr 


^ 0-1 1 . 



the diffuser-inlot 
ital rrossure Pq. 


( 1 ) 


total ;.)rc3sur6 1?^ 


For val'.es of greater than 1^ the Dioasurf^d inlet total pres- 

sure \nis a(^ Justed in ehe ratio of the total pressures acrr.so an ass*aEied 
supersonic dlff'iser. This pressure ratio was taken as the theoretical 
■treasure ratio across a normal shock at the throab of a convergent - 
divergent supersonic diffuser designed to allow shock entrance at the 
'jertlnent Mach number, (See reference 10.) Because even more favorable 
pressvire ratios have been obtained on a different type of supersonic 
diffuser (references 11 to 13), th.’.s assumption seemed reasonable. 


Exhaust -Nozzle -Exit Temperature 

As derived in reference 1, tiie oxhavist -nozzle -exit temperature T^ 
was determined from the expression 


T. = ■. -■ b. 

4 „ 2 

eP.m . 


o.A,2(p - Up) 

- 4 4 4 - 

2 


gR. 


£ 


~ '^4 ^ n ~ ^0 ^ ! 


( 2 ) 


Wlieu the ultimate exhaust -Jet Mach .lumber M^ 
in T^ of less than 2 percent results if 


is less than 1, an error 
is assumed equ.al to p^. 
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This aasuiDption, however, leads to increasingly erroneous values of 
T 4 for conditions of greater than 1. It is necessary to deter- 

mine p, more accurately at the conditions for which M, is greater 
than 1 .'* 


M, 


Because M 4 is 
greater than 1 


approximately equal to 1 for all conditions of 


P. 

■± 





7 



4 

-1 


r7‘ 


( 3 ) 


Further, the jet thrust F 4 can be expressed as 

J 


F, = 


27 ,, 


J ■ « 


lil 


4 \ 


\P4 


Pi + A^(p^ - Vq) 




(4) 


From a combination cf -equations (3) and (4), the following expression 
results : 


^4 A4(74 


TTT ^ T?7T T7 


(5) 


Equation (5) was used to determine for all data presented for 

conditions where M, was e^"- 3 .ter than 1 . 

j 

Over-All EfflcieDcy Parameter 

The oyer-all efficiency parameter was modified to include the 
effect of variations in the total -temperature ratio across the engine 
Ti ( 7 2 assumed equal to on the over-all efficiency. This 

effect became noticeab.le at high va.lues of i4q. The over all effi- 
ciency of the en^ijine is 


TT y 

outijut _ "n Q . 
input Wj^.hJ 


( 6 ) 
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It Is assuiDed that the ratio of specific heats 7 does not change 
through the rara Jet, that no energy' loss occurs In the diffusion and 
effusion processes, and that the gas flow is essentially the air flow. 
Then the net tliiuist Fn> f ree -stream velocity Vq, and fiiel cons imp - 

tion Wf can be stated as follows: 


Fu = - 1 ) 


(V) 


MoV^7ohBT.; 


Yr. = 


■, ! 1 + 
7 


’'0 • ^ 


M. 


( 6 ) 


W,. = 


Vp, 0 (^4 - Tj) 


(J) 


Substitution of equations (7), (G), and (9) into equation (6) gives, 
as an approximation, the over-all efi’lciency in tez’ms of M^, 
and . Thus 


vM /dy 


(10) 


Equation (IC) shows that the quantity cf q(l + •Ap) ^3 primarily a 
function of Mq and t>,i, . The quantity T|(1 +\/i’]) therefore 

plotted as a f'unction of Mq and q-j, . 

Similarly, by substitution of equation (10) into equation (S), 

550 V/.:. 3600 

the nct'-powor svjecific fuel consumption parameter — ■ p’ is 

1Vq(I + v^fp) 

primarily also a function of Mq and . _This quantity was therefore 
plotted as a function of and q^. 
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Ultimate Exhaust -Jet I4ach Number 

For conditions at which the ultimate exhaust-jet Mach niimbez’ 

Mj was less than 1, Its value was calculated by the method described 
ill reference 1. For values (greater than 1^ M-j was calculated in 
the following manner: 


Because tliere is relatively small loss in total pressure between 
stations 4 and jet Mach number Mj can be expressed as 


H,2 . 


.■'Fh/J 
'■ V 


• 1 


( 11 ) 


Inasmuch as 
M:, greater tl: 


is approximately equal to 1.0 for all conditions of 
j uhan 1, from equation (3) can be substituted into 

equation (11) . Thus^ assuming 7j equal to 7 ^ 


..2 2 

“j '77-^ 


- 1 


(12) 


The exhaust-nozzle-exlt static pressure tj. is given by equation (5). 


Total -Pressure Ratio Across Engine 


The theoretical curves of M. as a function of Mq and the 
total -Tjressure ratio across the engine Pj/j?Q presented in fig- 
ure 1.3 were calculated by means of the following expression: 


^.1 - 2 




^VJ 


Tr. 




; T2S... 

, '■o 11,-' 

1 + — ^ 


( 13 ) 


J 


equation (Ih) is baaed on the assumption that pj is equal to 
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Fig- 3 
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— Flame holder used in wind-tunnel investigation 
of 20-inch ram jet* 


Figure 3 . 
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Figs. 4, 5 



Figure 4. - Modified combustion-chamber section used in wind 

tunnel investigation of 20-inch ram jet. 



Figure 5. - Exhaust jet issuing at supersonic speeds from 

exhaust nozzle of 20-inch ram jet during wind-tunnel 
investigation. 


Reduced jet thrust, ,1b 



Figure 6*— Effect of equivalent free— stream Mach number Wq and combustion— chamber length on reduced Jet 
thrust Fj/6, 20-lnch ram Jet with 16,8-lnch-dlame ter exhaust nozsle; Jet thrust reduced to WACA 
standard atmosoherle conditions at sea level* 
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Jet thrust 



Ki^ure Kffect of equivalent free -3 1 re nurr.ber V j, comDus t ion-nnarr;oer length, and pressure 

altitude on jet tnrust I*.. 20-ir.or. ran. jet with I c . 8-i nch-di an.e te r exnaust noi^zle. 
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Reduced net thxnist, 


T 



Figure 8,- Effect of equivalent free-stream Mach number Mq and total-temperature ratio on reduced 

net thrust Fn/ft. 20-lnch ram Jet with 5-foot combustion chamber and 16.0-lnch-<llaneter exhaust 
nosEle; net thrust reduced to NACA standard atmospheric conditions at sea level. 
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Ket-thrust coefficient 



Flgiire 9.- Effect of equivalent Tree-stream Mach mimber ¥q and total-temperature ratio on net-thrust 

coefficient Cp. 20-lnch ram Jet with 5-foot combustion chamber and 16.8-lnch-dlameter exhaust xK>sxle, 
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Ideal over-all efficiency parameter, , percent 
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Equivalent free-strean Wach number, Mq 

Figure 10,- Effect of equivalent free-stream Mach number Mq on ideal over-all efficiency parameter 
(l”*”^^)* 20-lnch ram jet with 5-foot combustion chamber and 16,8-lnch-dlameter exhaust nozzle. 
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Figure 11.- Effect of equivalent f ree-s tream Mach number Mq on Ideal net-power specific fuel consumption 
550 Wf 5600 

parameter . . — ■■ ■ — ^tv , 20-lnch ram let with 5-foot combustion chamber and 16.0- Inch-diameter 
FnVo(l*/n) ^ 
exhaust nozzle. 
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power specific fuel consumption parameter • 20— Inch ram Jet with 5-foot combustion 

’'nVo 

chamber and 16,0-lnch-dlameter exhaust nozzle. 
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Equivalent free-streara Mach number, Mq 

Figure 15,- Effect of equivalent free-stream Mach number on net-power specific fuel consumption 

550 We 5600 , 

P y • 20-lnch ram Jet with 5-foot combustion chamber and 16,8-lnch-dlameter exhaust norile, 

n 0 
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intimate exhaust-jet Mach number 



Equivalent free-stream Mach number, Mq 


Figure 16,- Effect of equivalent free-stream Mach number Mq and total-pressure ratio across ram Jet P«/P 
on ultimate exhaust-jet Mach number Mj, Total-pressure ratio curves calculated for ratio of specific ^ 
heats at exhaust-jet condition Yj ■ 1.3 and at free-stream condition Yq • 1.4, 20-lnch ram Jet with 
6-foot cotnbustlon chamber and 16,5-lnch-dlame ter exhaust nostle. 
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Combus 1 1 on-chfi'Tibei — Inlet Mach number oaranete 
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Equivalent Tree-stream Mach number, Mq 

Flp’ire 17.- Effect of equivalent Tree-stream Mach number on combust lon-chamber-lnlet Mach number 

parameter ^0-lnch ram let with 5-foot combustion chamber and 16, 8- Inch-dl ame ter exhaust 

nozzle , 
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18. -Effect 
ram jet 


Equivalent f ree-s t ream Wach numoer, Mq 

yy 

of equivalent free-stream Mach number Mq on air-flow parameter 
with 5-foot combustion chamber and 16. 8-inch-di ame te r exhaust nozzle. 
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20 -Inch ram Jet with 5-fool combustion chamber and 16.0-lnch- 
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Figure 20.- Effect of fuol-alr ra^lo f/a, conbu?' 1 1 on-chamfcer-l nle t absolute static pressure Pg and 
nu'flber Mg, and combu s L lon-chamber-ex 1 t absolute static pressure (tunnel ambient pressure) Pq on 
comb>is t Ion efriclen^y r)^, ?0'-lr.rh ram jet with 5-foot combustion chamber and 16,8-Inch diameter exhaust 

nozzle , 
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NACA - Langley Field, Va. 



Figure 21,- Effect of fuel-air ratio f /a , combustlon-chaTnber-lnle t absolute static 
pressure pg and Mach number M 2 # and combust lon-chamber-exlt absolute static 
pressure (tunnel ambient pressure) Pq on combustion efficiency 20— Inch ram 

jet with 12-foot combustion chamber and 16.8-lnch diameter exhaust norzle. 
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